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Thank you for considering this manuscript entitled 'Identification of cancer associated molecular changes in histologically benign vulval disease found in association with vulval squamous cell carcinoma using Fourier transform infrared spectroscopy' for publication in the optical diagnosis themed issue of Analyst (SPEC 2016).
In this paper we examine a novel method for assessing the biomolecular changes which occur in the vulva that lead to the development of invasive cancer. Detecting these changes has the potential to give valuable prognostic information for women with precancerous conditions such as vulval intraepithelial neoplasia and lichen sclerosus as for those who have already developed SCC.
This study explores the role of Fourier transform infrared spectroscopy (FTIR-S) and multivariate analysis in the evaluation of molecular changes in HPV dependent and HPV independent vulval carcinogenesis. The molecular information obtained through FTIR-S has the potential to work as an adjunct to histopathology to aid in the early diagnosis of cancer and offers additional information about the molecular risk profile of the tissue.
We establish there are molecular changes detectable by FTIR-S in vulval intraepithelial neoplasia and lichen sclerosus that are associated with the development of vulval SCC.
Abstract
This study evaluates the capability of Fourier transform infrared spectroscopy (FTIR-S) in the differentiation of molecular changes in vulval intraepithelial neoplasia (VIN) and lichen sclerosus (LS) found in association with vulval squamous cell carcinoma (SCC), compared with VIN and LS found in isolation. 48 sections of vulval epithelium with features of VIN (n=24) or LS (n=24) underwent FTIR-S micro-spectroscopic mapping. Spectra from each section were correlated with the pathological diagnoses and the presence of concurrent SCC. Spectral variance was explored using principal component analysis and a multivariate linear discriminant classification model was developed and validated with leave one sample out cross validation.
The discriminant model was able to correctly identify FTIR-S spectra taken from samples of VIN and LS found in association with SCC from those found in isolation with a sensitivity of 82% and specificity of 93% for LS and sensitivity of 75% and specificity of 94% for VIN. The discriminant model was adjusted to maximise sensitivity whilst conceding specificity on a per patient basis and could differentiate LS associated with SCC with a sensitivity of 100% and specificity of 84% and VIN associated with SCC sensitivity of 100% and specificity 58%. In distinguishing VIN and LS found in association with SCC from that found in isolation FTIR-S offers a potential technique for the assessment of molecular changes in the vulva that predispose to the development of SCC. Further study is needed to assess the ability of FTIR-S to risk stratify patients with VIN or LS.
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Introduction
Vulval cancer is a rare gynaecological malignancy that is increasing in incidence in the United Kingdom and worldwide. In England the incidence has risen from 2 per 100,000 women in 1990 to 2.5 per 100,000 women in 2009. 4 The ability to readily detect these molecular changes would be invaluable in the risk stratification of preneoplastic vulval disease and in the early diagnosis of vulval SCC.
HPV dependent carcinogenesis in the vulva
In vulval intraepithelial neoplasia (VIN) precancerous changes occur in the vulva. These precancerous changes can affect women of all ages although the peak incidence occurs in women less than 50 years old. 5, 6 The primary uVIN (HSIL) is more common in younger women and is a precursor for the majority of basaloid and warty type vulval SCC. [14] [15] [16] The rising incidence of vulval cancer is primarily due to an increase in vulval cancer in women aged 70 and below, suggestive of an increase in HPV related disease. 1 This increase in HPV related disease may also account for the recent increase in the incidence of VIN. 17, 18 Malignant transformation of vulval epithelial cells by high-risk HPV subtypes is mediated through integration of the HPV DNA with in the host genome leading to HPV induced expression of the E6 and E7 oncoproteins. These 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 oncoproteins have numerous oncogenic effects including interference with control of the cell cycle, producing numeric and structural oncogenic chromosomal abnormalities. 19, 20 In addition, methylation or mutations of the hosts' genome can occur that distorts transcriptional control, cell differentiation and viral gene expression. This results in altered molecular expression in tissues undergoing malignant transformation. 21 
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HPV independent carcinogenesis in the vulva
The typical precursor vulval disorders in cases of HPV independent vulval
SCC are Lichen Sclerosus (LS) and differentiated VIN. Lichen sclerosus (LS)
is an inflammatory condition that can affect any skin site but is most commonly found in the vulva. 22 The true prevalence of LS is unknown, however community studies in the elderly have demonstrated a prevalence as high as 3%. 23 The aetiology of LS is unknown although there is some evidence to suggest that the lichen sclerosus is an autoimmune condition. 24 Vulval LS may occur at any age but typically either appears in prepubertal girls or post-menopausal women. 25 Diagnosis can be clinical although biopsy is necessary if the diagnosis is uncertain or if there is a failure to respond to adequate treatment. 26 This condition is complicated by development of SCC in 4% to 5% of women. 22, 27 This compares to a background risk of vulval cancer in the UK of 0.3%.
28
LS and differentiated VIN are thought to develop into SCC through a HPV independent process which is not fully understood. 2 Numerous genetic and epigenetic changes have been noted to occur in areas of LS associated with SCC that are not present in LS found in isolation. These include mutation of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 TP53 and hypermethylation of MGMT and RASSF2A, suggesting a potential role for these genes in non HPV associated carcinogenesis however the exact mechanism is not well understood. 21, 29 Overall the pathogenesis of vulval SCC is not as well described as that for more common cancers, however it is clear that in both the HPV dependent and HPV independent oncogenesis biomolecular changes occur in the vulva that lead to the development of invasive cancer. Detecting these changes The aim of this paper is to establish if there are molecular changes detectable by FTIR-S in HPV related (uVIN) and HPV independent (LS) vulval disease that are associated with the development of vulval SCC. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Experimental
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Fourier transform infrared spectroscopy (FTIR-S)
FTIR-S is a non-destructive analytical technique that can be used to probe the molecular composition of tissues. When infrared radiation enters tissue, if it has sufficient energy to excite a molecular vibration mode, then it can cause vibrations of the molecular bonds within the tissue. This results in the absorption of the infrared radiation with the specific energy or wavelength to and an equal number of cases to controls this number of cases was sufficient to ensure a type one error rate of ≤0.05 and type 2 error rate of ≤0.1. 
Data analysis
The data analysis was carried out using Matlab (2014b) Mathworks USA.
Data collected for the LS group (1) and the uVIN group (2) were analysed independently ( Figure 1 ). The measured spectra were converted into absorbance and data points outside of the 800 to 1800 cm -1 fingerprint range were excluded. The remaining spectra were then corrected for the paraffin content of the tissue using an extended multiplicative scatter correction 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (EMSC) to remove the effect of the variation in the paraffin in the tissue samples. 34, 35 The spectra were then vector normalized.
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In order to select the areas of epidermis within the spectral maps ( Figure 2 ) a two stage k-means cluster analysis was performed. In the first stage individual spectral points that contained a high density of paraffin were identified using k-means clustering seeded with spectra from pure paraffin. The spectra identified were then excluded from further analysis. A second round of supervised k-means cluster analysis seeded with manually selected epidermal and dermal spectra was used to identify the epidermis within the spectral maps. The areas of epidermis identified were then isolated for further analysis and the non-epidermal spectra excluded. These areas were selected as the bulk of molecular changes that result in malignant transformation occur within the cellular epidermis. Principal component analysis (PCA) was applied to reduce the dimensionality of the data into loadings and corresponding scores in preparation for linear discriminant analysis (LDA). An analysis of variance (ANOVA) was performed on the principal component (PC) scores to determine which of the PC scores were significantly different between those tissue samples from women with concurrent SCC (groups 1a and 2a) and those without (groups 1b and 2b). The confidence level for the ANOVA was set at 95%. LDA was applied to the significant principal component scores and their associated sample groups ( Figure 1) . The resultant LDA model was then used to predict whether each spectrum was taken from a tissue sample from a woman with concurrent vulval SCC.
The classification ability of FTIR-S to detect whether a tissue sample of either LS or uVIN was from a patient with concurrent SCC was evaluated using leave one sample out cross validation. In this validation cycle the data from a whole tissue sample (test set) was excluded from the initial analysis (PCA, ANOVA and LDA) that was performed on the remaining data (training set).
The test set were then classified according to the LDA model produced with the training dataset. This process was repeated excluding each sample in turn from the initial analysis. The predicted groups from each cycle of validation were then collated for analysis. The specificity and sensitivity of the technique for detecting tissue associated with a SCC was calculated across a range of diagnostic thresholds (i.e. the proportion of spectra classified as being associated with SCC for the whole sample to be classified as being associated with SCC). The receiver operator characteristic was used to evaluate the diagnostic performance of the technique. The probability of obtaining a false positive result was evaluated using the method described by
Obuchowski et al. 33 ,36
Results and discussion
The diagnostic models for both group 1 (uVIN) and group 2 (LS) were each derived from 24 tissue samples. The total number of FTIR spectra included in each group was 509,000 for group 1 and 65,000 for group 2. The two stage kmeans clustering analysis was able to correctly isolate the epidermal spectra in all but one case where manual selection of the epidermal spectra was successfully employed. The result of the initial PCA ANOVA LDA analysis demonstrated that the technique was able to classify the majority of spectra correctly using the linear discriminant scores (Figure 3 ).
Defining the biochemical constituent peaks responsible for discrimination within the LDA model is difficult. FTIR-S does not allow simple biochemical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 quantification of target tissues due to the compound effect on the absorption spectra from the numerous molecular constituents of the tissue. Examining the two most significant principal component loadings and the composite linear discriminant loading we can speculate on the molecular basis for classification within the LDA models produced (Table 1, Figure 4) . The spectral differences between those with concurrent SCC and those without appear to occur primarily in the amide I, amide II and amide III regions of the absorbance spectra. In addition changes are seen in lipid, fatty acid, nucleic acid and carbohydrate regions (Figure 4 ). These findings are suggestive of a difference in protein expression as uVIN and LS progresses towards malignant transformation.
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The ability of FTIR-S combined with multivariate analysis to identify tissue samples from women with SCC was evaluated using leave one sample out cross validation. After validation the discriminant model demonstrated FTIR-S was able to correctly differentiate spectra from uVIN associated with SCC with a sensitivity of 75% and specificity of 94%. Similarly FTIR-S was able to correctly differentiate spectra from LS associated with SCC with a sensitivity of 82% and specificity of 93%. Each tissue sample was then classified as being associated with SCC or found in isolation by the number of spectra the LDA model classified as being associated with SCC. The threshold number of spectra to classify the tissue sample was adjusted and the receiver operator characteristic was determined for both groups. This demonstrated the sensitivities and specificities that can be achieved using this technique per sample. LS associated with SCC can be differentiated from LS found in isolation with a sensitivity of 100% and a specificity of 84% with area under the curve (AUC) of 0.98 (false positive rate of <0.05). uVIN associated with SCC can be differentiated from uVIN found in isolation with a sensitivity of 100% and a specificity of 58% with AUC of 0.87 (false positive rate of <0.05).
The specificity of the technique can be improved by conceding sensitivity ( Figure 5 ). In the uVIN group a higher threshold number of spectra to classify the samples can be used to give a sensitivity of 75% and a specificity of 83%.
This preliminary study has demonstrated FTIR-S is able distinguish between LS or uVIN found in isolation and LS or uVIN found with concurrent SCC at another anatomical location on the vulva. Discrimination between these groups is based on the molecular variations detected by FTIR-S and multivariate analysis. The ability to separate the groups according to the presence of concurrent SCC is suggestive of cancer associated molecular changes occurring across the vulva. The detection of these molecular changes supports the concept of preneoplastic field cancerisation in the vulva. 4, 37, 38 In the development of a preneoplastic field of cancerisation a stem 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 published demonstrated molecular monoclonality of anatomically distant vulval lesions supporting the concept of preneoplastic field change in the vulva. These studies of specific molecular changes in the vulva only show us part of the picture as the transformation of normal cells to cancer is a complex multistep process involving more that just a few molecular variations. In this study we have used FTIR-S to demonstrate the molecular field changes associated with the development of vulval cancer. FTIR-S allows the analysis of a broad range of molecular changes within the vulva. This technique not only examines molecular changes resulting from known provocations (e.g. TP53 mutation and HPV integration) but also assesses other undescribed molecular changes. 40 This gives a broader picture of the molecular changes present, but at the expense of detailed biomolecular causation as FTIR-S does not allow us to determine the exact molecular differences underlying spectral differences identified. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 FTIR-S has the potential to be used as a histopathological adjunct to improve the early diagnosis of SCC through the analysis of molecular changes that identify those in whom further investigation is likely to find an occult malignancy. This early diagnosis would be an advantage as when vulval SCC is diagnosed early, when the depth of invasion is less than 1.0mm (i.e. FIGO stage 1a) the risk of lymph node metastasis is very low. 41 The absence of lymph node metastasis is an important prognostic factor in vulval SCC, with reported five-year survival in those who are node negative ranges from 70-93% compared with 25-42% in node positive women.
42
Conclusion
FTIR spectroscopy offers a technique for molecular assessment that is straightforward to apply to routinely prepared tissue; that has a relatively low cost; that only requires a small amount of tissue and that can be performed in a short amount of time. 30 These characteristics make FTIR-S suitable as an adjunct to routine histopathology where fast analysis of tissue samples is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 determine if this preliminary work can be transformed into a technique that will improve outcomes for women.
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